Primary cultures of neonatal rat cardiocytes were exposed for 24 hours to culture media containing 0-2.0 mM extracellular calcium. Both atrial natriuretic factor (ANF) messenger RNA (mRNA) and ANF secretion were increased -threefold in the presence of 2.0 mM CaCl 2 (vs. Ca 
T he atrial natriuretic factor (ANF) is a hormone, produced predominantly but not exclusively in the cardiac atria, that has important biological activity in the cardiovascular and renal systems. It has potent vasorelaxant, 1 natriuretic, 2 and diuretic 2 properties. It suppresses vasopressin, 3 aldosterone, 4S and renin secretion, 67 and it inhibits angiotensin 8 - 9 and vasopressin 10 bioactivity at the level of their respective target organs.
Calcium ion (Ca 2+ ) is an important modulator of both electrical 11 and mechanical 12 function in the myocardial cell. Release of ANF is known to be increased by factors that augment heart rate 13 or increase stretch 1415 in the atrial wall. Each of these stimuli has also been linked to increased levels of intracellular Ca 2+ in muscle cells,
11
- 16 raising the possibility of an association between intracellular Ca 2+ and ANF biosynthesis and secretion. To explore this question in greater detail, we have examined the effects of factors that alter the accessibility of extracellular calcium to the intracellular compartment on the synthesis and release of ANF in vitro.
Preparation of Cardiocytes
Primary cell cultures of neonatal rat cardiocytes were prepared as described previously. 17 Based on immunofluorescent analysis of individual cells for cardiac myosin, approximately 60-70% of adherent cells in these cultures at the end of the experiment represented myocardial cells. This percentage was not changed by inclusion of the calcium channel antagonist verapamil in the culture medium. Cardiocyte cultures containing both atrial and ventricular cells were used in most experiments; selected exceptions employing either atrial or ventricular cardiocyteenriched preparations are noted in the figure legends. To generate the latter preparations, intact neonatal hearts were divided slightly below the atrioventricular groove. The upper portion, including the atria, and the lower portion of the heart were digested and cultured independently as described above to generate atrial or ventricular cardiocyte-enriched preparations, respectively.
For RNA analysis, the medium was changed after 72 hours to a "deinduction" medium consisting of DME H21, 5% serum substitute 18 lacking thyroxine and cortisol, 5% "stripped" serum (previously treated to remove endogenous thyroid and steroid hormones), 5 jig/ml insulin, 5 ^g/ml transferrin, and 750 nM vitamin B 12 . Cells were cultured in this medium for 48 hours, at which point they were placed in fresh deinduction media with or without the addition of pharmacological agents as dictated by the experimental protocol.
To measure medium ANF immunoreactivity (irANF), cells were cultured during the experimental period in serum-free DME H21 containing 10% serum substitute plus insulin, transferrin, and vitamin B 12 as described above. The concentration of CaCl 2 in the medium was approximately 1.4 mM. Studies involving variable extracellular Ca 2+ were carried out in Ca 2+ -deficient DME H21 (CaCl 2 deleted), 10% serum substitute, insulin, transferrin, and vitamin B n (total intrinsic Ca 2+ < 100 ^M), plus varying amounts of exogenous CaCl 2 .
Assessment of Cell Viability
After exposure to an inhibitory concentration of the calcium channel blockers, cells remained morphologically intact and attached to the culture dish. As an index of cytoplasmic leakage, we measured lactate dehydrogenase (LDH) activity (kit 500, Sigma Chemical Co.) in the medium of cardiocyte cultures treated with calcium channel blockers, phorbol ester, or the calcium ionophore. The LDH assay was done according to the protocol provided by the manufacturer. Media LDH levels were clearly measurable in both the control and the treated cultures. Treatment with the three channel blockers, TPA, or A23187 did not result in a significant increase in LDH levels in the medium (control, 204 19 and an 800 base pair rat ANF complementary DNA (cDNA) probe 20 radiolabeled by nick translation. Parallel blots were hybridized to a human lamin cDNA probe 21 to correct for differences in RNA loading and to exclude nonspecific effects of our experimental manipulations on levels of RNA polymerase II transcripts. Relative ANF transcript levels were measured by densitometric scanning of the individual dots. Each value was then normalized to a fixed quantity of lamin mRNA. Differences were calculated with the one-way analysis of variance and Newman-Keuls test of significance. S] nuclease analysis was carried out as described previously with a phosphorus-32-labeled 828 base pair EcoRl-Bglll fragment, which spans the transcription start site of the rat ANF gene. Hybridization with the major ANF mRNA transcript from rat atria protects 190-195 nucleotides of this labeled probe. 22 
Radioimmunoassay, High-Performance Liquid Chromatographic Analysis, and Immunoprecipitation Analysis
Media irANF was quantitated by radioimmunoassay with a protocol described previously. 23 In addition, selected media were subjected to size-exclusion high-performance liquid chromatography. Samples (20 ju.1) were applied directly to a 300x7.5 mm Bio-Sil TSK-125 column (Bio-Rad Labs., Richmond, California) and isocratically eluted with 0.1 M Na 2 SO 4 and 0.02 M NaH 2 PO 4 , pH 6.8, containing 0.1% Triton X-100 at a flow rate of 1 ml/min. The 0.5 ml fractions were monitored for irANF by radioimmunoassay. The elution positions of pro-ANF and ANF were determined by using iodine-125-labeled recombinant human pro-ANF and rat ANF-(l-28). Addi-tional unlabeled protein standards were also used to calibrate the column.
For immunoprecipitation of ANF, mixed cardiocyte cultures (2x 10 6 cells/2 cm plate) were incubated in cysteine-free DME H21 for 1 hour, after which 100-200 ^Ci [ 35 S]cysteine (Amersham, 1,110 Ci/ mmol) was added. After 3 hours, the labeling medium was removed and replaced with fresh Dulbecco's modified Eagle's medium (DMEM) containing 10% serum substitute. Cells were incubated in this medium for 3 additional hours. At that point 1 ml medium was added to 1/10 volume of lOx buffer (lx = 10 mM Tris, pH 7.4, and 0.5% NP-40) and 1 mM phenylmethylsulfonyl fluoride (PMSF). To remove proteins that associate nonspecifically with protein ASepharose, the 1 ml samples of media were incubated at 25° C for 1 hour with 4 /A preimmune rabbit serum and 100 /nl protein A-Sepharose. The Sepharose beads were spun out and the supernatant was removed. Five microliters of a rabbit polyclonal antibody generated against thyroglobulin-coupled rat ANF was added to each sample and allowed to incubate at 4° C overnight. To precipitate the antibody-ANF complex, 100 /A protein A-Sepharose (0.1 g/ml detergent buffer, see below) was added to each sample. After 1 hour at 25° C, the Sepharose beads were precipitated. The pellet was resuspended in 0.5 ml detergent buffer (10 mM Tris, pH 7.5,10 mM EDTA, 0.4% deoxycholate, 1% NP-40, and 0.1% sodium dodecyl sulfate [SDS] ). The suspension was layered on top of a sucrose solution (30% sucrose in l x detergent buffer) and microfuged for 10 minutes. The pellet was then washed three times in l x detergent buffer and once in 10 mM Tris, pH 7.5. Finally, the pellet was resuspended in sample buffer (10% glycerol and 2.3% SDS), boiled for 5 minutes, and electrophoresed through a 17.5% denaturing polyacrylamide gel at 4° C. The gel was impregnated with EnHANCE (New England Nuclear, Boston, Massachusetts), dried, and subjected to autoradiography for up to 2 weeks.
In Situ Hybridization
Cultured cardiocytes were treated for 24 hours in deinduction medium (see above) containing the agents indicated, fixed, and then subjected to in situ hybridization histochemistry as described previously. 24 A [ 3 H]rat ANF cRNA was generated using SP-6 polymerase and employed for these studies. Hybridization of these cultured cells with [ 
Results

Effects of Extracellular Calcium
To assess the effects of calcium on ANF gene expression, we exposed primary cultures of neonatal cardiocytes to varying concentrations of extracellular calcium in defined, serum-free medium for a period of 24 hours. As shown in Figure 1 , there was a dose-dependent relation between added calcium (0-2.0 mM) and release of irANF into the medium. Extracellular calcium also had a significant effect on the concentration of the ANF transcripts in these cardiocytes. A dose-dependent increase in ANF mRNA levels was seen over the same range of extracellular calcium concentrations.
Effects of Calcium Channel Blockers
Because it appeared that extracellular calcium was an important determinant of ANF secretion and synthesis, we examined the effects of the calcium channel antagonists on these variables. These antagonists limit access of extracellular calcium to the intracellular compartment. As shown in Figure 2 , treatment of the cardiocytes for 24 hours with the calcium channel antagonists verapamil or nifedipine resulted in a dose-dependent decrease in the release of irANF, as well as a reduction in cytoplasmic ANF mRNA levels. This effect appeared at 10" 7 M and was most apparent at 10~5 M. Similar results were obtained with diltiazem, another widely used calcium channel blocker 25 (data not shown). In a time-course study, inhibition of irANF release by the calcium channel antagonists was maximal after 16 hours of exposure to the drugs, and levels remained low throughout 72 hours of treatment (data not shown).
The findings obtained with the dot-hybridization analysis were confirmed by S! nuclease protection analysis. As shown in Figure 3 , the major ANF transcript in the cardiocytes protected a fragment that was 195 base pairs in length, 22 mapping the transcription start site to a position identical to that used in adult rat atrial tissue. This fragment was present in both control and verapamil-treated cells at levels comparable with those determined by dot hybridization.
The inhibition by the calcium channel antagonist could be reversed at least partially by increasing the extracellular Ca 2+ concentration. As shown in Table  1 , the addition of exogenous calcium to the media of cells treated with verapamil partially restored the secretion of irANF.
Immunoprecipitation and High-Performance Liquid Chromatographic Analysis of Culture Media
High-performance liquid chromatographic analysis of media taken from the cardiocyte cultures revealed that most of the irANF (-60-70%) migrated at a position identical to that found for [ 125 I]pro-ANF (17 kDa). The ratio of pro-ANF (17 kDa) to ANF (3 kDa) immunoreactivity was not changed by the inclusion of 10" 5 M verapamil in the medium ( Figure 4A ) (% irANF as pro-ANF was 70% in control and 65% in verapamil), although the latter clearly reduced total irANF in the cultures. These data suggest that limited accessibility of the intracellular compartment to extracellular calcium has an effect predominantly at the level of synthesis of the pro-ANF precursor. To explore this question further, we carried out an immunoprecipitation analysis of media from [ 35 S]cysteine-pulsed cells in the presence or absence of the calcium channel blockers. As shown in Figure  4B , the predominant species of newly synthesized irANF migrates at 17 kDa. Treatment with the calcium channel blockers reduced the amount of newly synthesized immunoprecipitable pro-ANF by 40-55% as determined by densitometric scanning of the autoradiograph. Presumably because of the short time course (3 hours) of this experiment, little immunoprecipitable material was found migrating in the 3 Cardiocytes were cultured for 24 hours in calcium-free DME H21 containing varying concentrations of exogenous CaCb with or without 10" 5 M verapamil. Media atrial natriuretic factor immunoreactivity (irANF) was measured by radioimmunoassay as described in Methods. Data were analyzed by one-way analysis of variance and the Newman-Keuls test. The significance levels shown are relative to the control value in each group. *a<0.05. ta<0.01. 
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B C D N V FIGURE 4. High-performance liquid chromatography (HPLC) and immunoprecipitation of atrial natriuretic factor (ANF).
M). Molecular weights of immunoprecipitated bands were determined by comparison with carbon-14-labeled protein markers run in parallel. Arrow indicates position of pro-ANF (17 kDa). No bands were identified when preimmune serum was used in place of ami-ANF antiserum (not shown). ANP, atrial natriuretic factor.
• kDa range (the size of mature ANF) either in the presence or the absence of the calcium channel blockers. Taken together with the RNA data presented in Figures 2 and 3 , these findings support an inhibition at the level of pro-ANF synthesis.
In Situ Hybridization Analysis
Based on the findings presented above, it was not possible to determine whether the verapamil-induced decrease in ANF gene expression resulted from selective loss of ANF synthesis in a subpopulation of the ANF-expressing cells, or from a general reduction in expression in the entire population of ANFproducing cardiocytes. To address this question more directly, we employed the technique of in situ hybridization. As shown in Figure 5 , using a specific rat ANF [ 3 H]cRNA probe, we identified a significant number of control cells (Panel A) expressing the ANF gene at a moderately high level. Treatment with either verapamil, nifedipine, or diltiazem resulted in a general reduction in the amount of hybridizable ANF mRNA per cell within the population (Table 2 and Figure 5 ). The percentage of cells expressing the gene showed a tendency to fall in the verapamiltreated cultures, but this effect failed to reach statistical significance. These data suggest that the calcium channel antagonists act predominantly by reducing ANF gene expression within each ANF-expressing cell in the culture.
Synergistic Effects of Calcium Ionophore and Phorbol Ester
An important physiological mechanism for increasing intracellular levels of calcium involves activation of phosphoinositide turnover with subsequent production of inositol triphosphate (IP 3 ) and diacylglycerol (DAG). 26 IP 3 stimulates the release of sequestered calcium into the cytoplasmic compartment while DAG activates protein kinase C. 27 The combined functions of these two second messengers act synergistically in regulating cellular physiology. 27 To mimic each of these events, we treated cardiocytes with the calcium ionophore A23187 and the phorbol ester TPA, alone or in combination. The former promotes entry of Ca 2+ into the intracellular compartment, and the latter activates protein kinase C directly. As shown in Table 3 , the treatment of cells with either A23187 or TPA tended to increase both ANF mRNA levels and the release of irANF into the culture medium, although only the latter reached statistical significance. When either 10~8 or 10" 6 M A23187 was added to cells treated with 1CT 7 M TPA, there was a significant increase in the relative levels of ANF mRNA. Media ANF immunoreactivity increased in the former case but fell again as the concentration of ionophore was raised to 10" 6 M.
To provide assurance that the dot-hybridization analyses reflected bonafide changes in ANF mRNA levels, these findings were confirmed with an independent experiment in cultured ventricular and atrial cells using S] nuclease protection analysis. As shown in Figure 6 , treatment with either TPA or ionophore Jiad a modest stimulatory effect on ANF mRNA levels in these cardiocytes, whereas the combination of 10" 7 M TPA and 10" 7 M ionophore stimulated ANF mRNA levels twofold in atrial samples and 3.5-fold in ventricular samples, exceeding the stimulatory effect of either agent alone. 
Discussion
Access to extracellular Ca 2+ appears to be an important determinant of ANF gene expression in the isolated myocardial cell. We found a dosedependent relation between cytoplasmic ANF mRNA concentration and extracellular Ca 2+ over a narrow range of calcium ion levels (0-2.0 mM). Furthermore, expression of the gene was suppressed by antagonists that limit the access of extracellular Ca 2+ Values given are mean±SD. Neonatal rat cardiocytes were cultured for 24 hours in medium containing the calcium channel antagonists at 10~5 M. In situ hybridization was carried out as described in Methods. Data were analyzed by one-way analysis of variance and the Newman-Keuls test of significance. n=20 for each treatment group. *a<0.01 compared with control.
to the intracellular compartment. The decrease in ANF transcript levels was accompanied by a decrease in the cellular release of ANF immunoreactivity. Over the time interval examined, this probably reflects a decrease in pro-ANF synthesis. It is unlikely that the effects of the calcium channel blockers resulted from nonspecific damage of the cardiocytes by these agents. The calcium channel blockers neither increased the medium LDH activity relative to the control nor altered the ratio of media to cellular LDH activity in these preparations. In addition, irANF in the medium of cardiocytes decreased after treatment with channel blockers; if channel blockers caused nonspecific cell damage with leakage of the cellular pro-ANF stores, media irANF levels would be expected to increase rather than fall.
There are a number of factors that favor a physiological role for Ca 2+ in modulating ANF secretion. ANF secretion is regulated by factors that increase either the rate of depolarization 13 or the tension 14 -15 in myocardial cells. Each of these factors has been linked to elevations in intracellular Ca 2+ concentration in muscle cells.
11
- 16 Recent studies carried out in other systems have identified stretch-activated ion channels that appear to show some selectivity for The magnitude of the effect of combined TPA and ionophore treatment on mRNA levels varied in separate experiments from two-to 10-fold, although the data were qualitatively similar in all experiments. These differences may result from heterogeneity in the cardiocyte preparations or down-regulation of protein kinase C by prolonged treatment with TPA.
3334 Support for the latter mechanism has recently been reported by Shields and Glembotski, 35 who described a time-dependent reduction in TPAstimulated ANF secretion from cultured atrial cells.
Cell viability was not affected after 24 hours of treatment with either 10~6 M TPA or 10" 6 M ionophore, based on media LDH measurements. In addition, the increase in ANF mRNA levels, which paralleled the increase in media ANF, is not a response that would be anticipated in a damaged or dying cell population.
The relation of calcium to the maintenance of normal cardiovascular homeostasis remains a subject of controversy. On one hand, increased intracellular calcium has been postulated as a major factor in the pathogenesis of essential hypertension. 3637 On the other, exogenous calcium administration has been shown to reduce blood pressure in some rat hypertensive models 38 - 40 and in a selected group of human subjects with essential hypertension. 41 - 44 The mechanism of this latter effect is highly controversial. Calcium-dependent augmentation of endogenous ANF release followed by the expected vasorelaxant and diuretic effects of the hormone could contribute in part to the ability of calcium to lower blood pressure in these subjects. The therapeutic efficacy of exogenous Ca 2+ appears to be most prominent in volume-expanded, low renin hypertension, 42 a subgroup that might be expected to be particularly sensitive to elevations in circulating ANF. If this hypothesis can be supported experimentally, it would suggest that individuals with reduced endogenous ANF bioactivity might derive the greatest benefit from exogenous calcium administration.
In summary, synthesis and secretion of ANF in vitro is dependent on extracellular Ca 2+ and the accessibility of this Ca 2+ to the intracellular compartment. In addition, the combination of calcium ionophore and the phorbol ester TPA increases both ANF mRNA levels and the secretion of ANF from the cardiac cells. Taken together, these data suggest that intracellular calcium metabolism may play an important role in regulating ANF release.
